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Abstract. NASICON-type NaFex(PO4)(SOs), (NFPS) electrode material
is successfully synthesized via a rheological route. DSC/TG analysis shows
that it is thermally stable up to 760 °C. A carbon composite NFPS/C was
obtained using ball milling. NFPS and NFPS/C were investigated as
cathode and anode materials for sodium-ion batteries. Analysis of
migration paths was performed by the Voronoi-Dirichlet partition
technique to determine all possible Na* ion migration paths. The diffusion
coefficient, estimated by GITT, is in the 1072-10""3 ¢cm?s! range, which
corresponds to the fast Na* ion migration in the structure. According to
calculations, NFPS is a wide band gap material, which indicates its poor
electrical conductivity.

1 Introduction

The study of chemical processes that convert the energy of a chemical redox reaction into
electrical energy led to the creation of the first power sources in the XIX century and the
award of the Nobel Prize for the development of high-performance lithium-ion batteries
(LIBs) in the XXI century [1]. LIBs, which have been used with great success in small-
scale portable devices, are now being considered as candidates for large-scale applications
including electric vehicles and grid storage systems [2—5]. The growing applications of
LIBs led to post lithium-battery era, where sodium-ion batteries (SIBs) [6] are a suitable
alternative for partial or even full substitutions of LIBs due to lower costs and safety
concerns.

However, SIBs has some disadvantages, such as a higher redox potential of Na*/Na® (-
2.71 V) compared to Li*/Li® (-3.04 V), a higher atomic mass (23 g/mol Na vs. 7 g/mol Li),
and a larger ionic radius (1.02 A for Na vs. 0.76 A for Li), which, in turn, leads to the lower
electrochemical properties. Despite the fact that SIBs are inferior in electrochemical
characteristics of LIBs, the interest in their study does not become less. Currently, among
the sodium-containing cathode materials, mixed-polyanion cathode materials attract special
attention. The combination of polyanions in the structure makes it possible to tune the
redox potential M™/M®*D* and, therefore, the energy density. Hexagonal NASICON-type
NaFe;PO4(SO4)2 is one of the most promising materials; its framework structure supports
fast Na* conductivity with a possible participation of two Na ions per formula unit.
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Shiva et al. [7] synthesized NaFe:PO4(SO4), and investigated its electrochemical
properties in a Na cell. The synthesized sample was obtained with large amount of
impurities and a surprising electrochemical behaviour such as capacity increase from 80
mA-h-g! to 100 mA-h-g"! with cycling, which could not be interpreted by the authors. Yahia
et al. [8] synthesized a pure NaFe,PO4(S04); and showed that the first discharge capacity is
89 mA-h-g'! which is greater than in Ref. [7]. However, with subsequent cycling, the
capacity is reduced to 56 mA-h-g"!. The reason of difference results [7,8] may be related to
different experimental conditions and requires more detailed study. In this paper, we
investigate the crystal and electronic structure, thermal stability, transport and
electrochemical properties of NaFe;PO4(SO4)o.

2 Experimental

2.1 Material synthesis

NaFe;PO4(SO4)2 (hereinafter NFPS) was prepared by the rheological synthesis. 5.4 g of
FeCl3-6H,0, 1.2 g NaH,PO4 and 2.7 g (NH4)2SO4 were dissolved in 80 mL of distilled
water and heated at 80 °C until evaporation of the liquid. The yellow amorphous product
was heated at a temperature of 475 °C in an air atmosphere for 12 hours. A greenish-yellow
crystalline product NFPS was obtained as a result.

To prepare the carbon composite NFPS/C, NFPS was ball milled with 20% of carbon
(Super P, Timcal Co.) using a SPEX 8000 mill with 0.6 cm diameter stainless steel balls for
15 min. The ball-to-powder ratio was 20:1.

2.2 Material characterization

X-Ray powder diffraction (XRD) was performed using a Bruker D8 Advance
diffractometer, CuKa irradiation (A = 1.54181 A). The XRD patterns were collected within
the range of 20 = 10—70 with a step of 0.02 s ~! and an uptake time of 0.3 s. Structural
refinement of the lattice parameters was carried out by the Rietveld method using the
GSAS software package [9]. Particle size and morphology were investigated by scanning
electron microscopy (SEM) using a Hitachi S-3400 N scanning electron microscope.
Thermal analysis (DSC/TG) was performed using a STA 449 F/1/1 JUPITER
thermoanalyzer combined with a QMS403 CF AEOLOS mass-spectrometer. The infrared
spectra were obtained with an “Infralum-801” FTIR spectrometer (Russia) within the 500-
4000 cm™! range (pellets with KBr). The Mossbauer spectra were recorded using an NZ-640
spectroscope (Hungary) with a >’Co y-ray source at room temperature.

For the electrochemical testing, the composite cathode was fabricated by mixing the
active material, conductive carbon and PVDF/NMP binder in the ratio of 70:25:5 wt%. The
mixed slurry was then pasted on the aluminium (for cathode) or copper (for anode) foil
using doctor blade, dried in vacuum at 90 °C, and then cut into discs to obtain working
electrodes. The loading density of the electrode mass was ~2.0-2.5 mg-cm™2, and the
electrode diameter of 10 mm was used throughout. The Swagelok-type cells were
assembled in an argon-filled glove box with Na as an anode, 1 M NaPFs (Sigma Aldrich,
99%) solution in a mixture of ethylene carbonate (Alfa Aesar, 99%) and propylene
carbonate (Sigma Aldrich, 99.7%) 1:1 by weight as an electrolyte, and a glass fibre filter
(Whatman, Grade GF/C) as a separator. Cycling was performed by means of Biologic BCS
805 using a galvanostatic mode at C/20 charge/discharge rate within the 2.0-4.4 V voltage
range vs. Na'/Na’. The galvanostatic intermittent titration technique (GITT) measurements
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were carried out at C/20 rate (Io = 6.35 mA-g ') by applying a galvanostatic step for an
interval of 20 min and a relaxation time for 40 min.

2.3 Computational methods

Modeling of the migration pathways for Na' ions in NFPS was performed using the
Voronoi-Dirichlet partition technique implemented in the ToposPro package [10]. The
technique is based on the analysis of free space formed by the elementary voids and
channels that might be accessible for migration of the mobile ions in a certain crystal
structure. The accessibility of voids and channels for ion migration is determined by
numerical criteria such as radii of an elementary void Ry and an elementary channel Rag
[11]. The radius of the void is equal to the radius of a sphere with the volume of a Voronoi
polyhedron; it corresponds to the radius of an atom that can be placed into this void taking
into account the influence of the crystal field. The radius of the elementary channel
corresponds to the minimum distance from the edge of the Voronoi polyhedron to the
nearest atom. In the present work, the following criteria were used: Raa > 2.0 A and Ry =
1.54 A-

DFT calculations were performed using the Vienna Ab initio Simulation Package
(VASP) [12] with the generalized gradient approximation (GGA+U) and exchange-
correlation functional in the Perdew-Burke-Ernzerhof (PBE) form [13]. We used a
rotationally invariant approach proposed by Dudarev et a/ [14]. The U parameter for Fe
metal was set to be 4.0 eV. For the geometry optimization, the convergence thresholds for
the total energy and the ionic force components were chosen to be 10 © eV and 10 = eV/A,
respectively. The Brillouin zone was sampled with a 5x5x2 Monkhorst-Pack k-points mesh,
and the energy cut-off was set to 600 eV.

3 Result and discussion

3.1 Crystal structure and morphology

Fig. 1 shows XRD patterns of the NFPS and NFPS/C samples. The crystal structure was
refined using the NaTi2(PO4)3 structure as an initial structural model [15]. All peaks can be
indexed in the trigonal structure with the R-3¢ space group.

The NASICON-type structure of NFPS can be described as a skeleton [Fe2X3012], built
of FeOs octahedra and XOs tetrahedra (X=S, P), which forms 3D interconnected channels
with two types of interstitial positions, where sodium and vacancies are distributed. The S
and P atoms are located in the same crystallographic position, and the occupancy of 2/3 (S)
and 1/3 (P). According to XRD, ball milling with carbon does not lead to a significant
disordering or decomposition of the structure.

SEM study shows that the morphology of the ball-milled NFPS/C samples is different
from the morphology of NFPS. Small cubic crystals up to 5-7 um in size are observed for
the NFPS sample (Fig. 1c). The ball milling with carbon leads to a change in the shape of
the particles and the formation of agglomerates up to 10-50 pum in size (Fig. 1d).
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Fig. 1. XRD patterns (a, b) and SEM images (c, d) of the NFPS (a, ¢) and NFPS/C (b, d) samples.

3.2 Thermal stability

Thermal stability of NFPS was further studied by DSC/TG analysis. Fig. 2 shows the
thermogravimetric (TG) and differential scanning calorimetric (DSC) curves and gas
product evolution during heating of the NFPS sample. According to this data, NFPS is
thermally stable up to a temperature of 760 °C. The decomposition of the sample at higher
temperatures is accompanied by a mass loss of 35% due to release of gases, such as SO
and O, which are formed by the following reaction:
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Fig. 2. DSC/TG curves (a) and gas products evolution (b) for NFPS.

3.3 Local structure

The local structure of the as-prepared NFPS sample was investigated by FTIR and
Mossbauer spectroscopy. The FTIR spectrum shows the intramolecular vibrations of the



MATEC Web of Conferences 340, 01012 (2021) https://doi.org/10.1051/mateccont/202134001012
RKFM 2021

POs* and SO4* groups (Fig. 3). The stretching modes of POs* and SO4* are within the
900-1200 cm™!' range, while the bending vibrations are within the 500-800 cm™!' range. The
band at 1603 c¢cm! refers to the H,O bending vibrations. The obtained FTIR spectrum
confirms the presence of both PO4* and SO4> groups in the structure of NFPS.

The electronic state of the iron ions in NFPS was probed by the Mdssbauer
spectroscopy. The ’Fe Mossbauer spectrum registered at room temperature is well fitted by
the symmetric doublet assigned to the octahedral Fe3* ions in its structure. The IS and OS
values are equal to 0.47 mm-s™ and 0.78 mm-s™!, respectively. It should be noted that the
spectrum shows an additional doublet associated with Fe?' ions in the octahedral
environment ([S=1.29 mm-s’!, 05=2.43 mm-s™!), but the Fe*" content does not exceed 3%.
The data of FTIR and Mdssbauer spectra of the NFPS/C composite are similar.
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Fig. 3. FTIR (a) and 3"Fe Mssbauer (b) spectra of NFPS.

3.4 Electrochemical properties

The electrochemical properties of pristine NFPS and composite NFPS/C were investigated
in a galvanostatic mode within the 2.0-4.4 V voltage range vs. Na'/Na’ at C/20
charge/discharge rate (Fig. 4). When using as cathode materials, the discharge capacity of
NFPS and NFPS/C is 70 mA-h-g"! and 56 mA-h-g”!, respectively, which is 55% and 43% of
the theoretical capacity (127 mA-h-g! per 2Na) (Figs. 4a,c). The dQ/dV curves show the
presence of two redox peaks at 2.9 V and 3.3 V, corresponding to reduction of Fe**/Fe?*
and oxidation of Fe?'/Fe3* iron ions (Figs. 4b,d). The operating voltage is 3.1 V, which is
quite a high value among Na-based cathode materials.

With further cycling, the capacity value is stabilized. The reversible discharge capacity
for NFPS and NFPS/C after the 20" cycle is 46 mA-h-g! and 48 mA-h-g’!, respectively (Fig.
5). However, for NFPS/C there is an increase in polarization, probably, due to formation of
agglomerates during the ball milling, which reduce the contacts between the particles and,
therefore, make charge transfer (ions/electrons) more difficult. In addition, the occurrence
of structural disordering or the formation of anti-site defects is possible. Despite the
positive effect of ball milling with carbon on the electrochemical characteristics of other
mixed-polyanion materials, e.g., NasFePO4CO3 [16] and NaFe3(SO4)2(OH)s [17,18], it is
not the case for NFPS.
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Fig. 4. Charge/discharge profiles (a,c) and dQ/dV vs. voltage plots (b,d) of NFPS and NFPS/C in the
2.0-4.4 V range at C/20 cycling rate.
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Fig. 5. Charge/discharge capacity vs. cycle number (C/20).

NFPS was also investigated as anode material in the range of 0.1-2.0 V using 1 M
NaPFs in EC: PC (1:1 vol.% ) + VC (5 wt.%) as an electrolyte at C/20 cycling rate (Fig. 6a).
The initial discharge capacity is 810 mA-h-g! that exceeds the theoretical value (508
mA-h-g!). Note that this process is irreversible due to changes in the structure of NFPS and
the occurrence of side reactions owing to interacting with the electrolyte, which leads to the
formation of the solid electrolyte interface (SEI) (Fig. 6b). The charge capacity of the first
cycle is much low, 177 mA-h-g!. With subsequent cycling, the capacity gradually decreases.
After one hundred cycles, it is equal to 51 mA-h-g! (Fig. 6b).
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Fig. 6. Charge/discharge profiles in the 0.1-2.0 V range (C/20) (a), charge/discharge capacity vs.
cycle number (b).

To find out how the structure changes during the reversible Na* intercalation, a series of
XRD patterns were collected at various stages of cycling (Fig. 7). Upon the discharge
process up to 1.3 V, the structure does not change, but the reflections shift towards smaller
angles, which can be due to the intercalation of additional Na* into the NFPS structure. The
gradual disappearance of the peaks of the main phase occurs at 0.6 V. The main phase
completely disappears at 0.3 V, and the new NaxSO4 phase is formed (PDF 1-990). The
decomposition reaction can be represented by the following equations:

NaFe;PO4(SO4)2txNat + xew — Naj+FerPO4(SO04)2 (0 < x < 2) 2

Na+:FesP04(S04)2 + (6 - x)Na™ + (6 - x)e- — 2Fe + NazPO4 +2NaS0s  (3)

Equation (2) shows the intercalation of the additional Na* ions into the NFPS structure
with the participation of the Fe3'/Fe?" redox couple. A voltage of 1.3 V is the boundary
above which the process of reversible intercalation occurs, while at lower voltage values
(below 1.3 V), the irreversible decomposition of the sample takes place. In the course of
decomposition, the iron ions are reduced to the metallic state Fe>* — Fe®. According to Eq.
(3), in addition, the sodium salts Na>SO4 and Na3;PO, are formed. NazPO4 and Fe are in
amorphous state and do not appear on the XRD pattern. Thus, due to the decomposition of
NFPS at low voltages, it cannot be considered as an anode material.
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Fig. 7. Structural changes in NFPS during cycling.
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3.5 lon transport and electron structure of NFPS

The diffusion paths for Na* ions in the NFPS structure were identified using the well-
established geometrical approach based on the Voronoi- Dirichlet partition (VDP) of crystal
space (Fig. 8a). To determine the significant elementary channels and voids, the following
values of the radius of the elementary void Rs and the elementary channel Rag were
selected as Ry = 1.54 A and Raq > 2.0 A. The selected values are standard for sodium-ion
conductors [19]. All the elementary channels are significant, i.e. the migration of Na* ions
in the structure of NFPS is possible without any increase in temperature and structural
changes, as in the case of NaFe3(SO4)2(OH)s [17]. The migration of sodium ions is possible
along the [111] direction. This approach provides only a primary estimation of the diffusion
system and is used to obtain preliminary data.
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Fig. 8. (a) Migration maps of Na* ions, (b) voltage ¥ vs. time ¢ profile for a single GITT titration at

the state of charge, (c) voltage ¥ vs. 12 plot, (d) diffusion coefficient Dna+ as a function of inserted
amount of Na* ions.

To estimate the diffusion coefficient of Na' ions during cycling, the galvanostatic
intermittent titration technique (GITT) was used. Fig. 8d shows the dependence of the
diffusion coefficient Dna+ vs. the sodium ion content x for NFPS. Dna+ was calculated using
the following equation:

. 2 % 2
D‘\‘vﬂf ZEC:_;) Iuﬁ lt ({ T

I
Gtz (4),
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where Vi is the molar volume, S is the real surface area of all particles in the electrode, F is
the Faraday's constant, /y is the current pulse, 6E/dx is the slope of the equilibrium open
circuit voltage vs. the alkaline ion content x and 8£/8¢"2 is the slope of a voltage change vs.
the square root of time. The applied current pulse and the resulting potential profile of
NFPS for a single titration are shown in Fig. 8b. Various parameters, AE;, AEs, etc., are
labelled schematically. Fig. 8c shows a rather good linear relationship of £ vs. {2, which
indicates that Eq. (4) is suitable for the calculation of Dna+. The average value of the
diffusion coefficient of Dna+ for NFPS upon discharge and charge is equal to 3.84-10°!" and
3.80-107"" cm?s™!, respectively (Fig. 8b).

Despite fast Na* diffusion in the NFPS structure, the discharge capacity is far from the
theoretical value. The reason, presumably, is in the low electronic conductivity of NFPS.
Indeed, an increase in the discharge capacity of NFPS was achieved by adding a large
amount of conductive soot (50 wt%) to the cathode mass as described in refs. [7,20].
However, with long-term cycling, the capacity gradually decreases and is 55% of the
original value after 100 cycles [20].

For a deeper understanding of the electronic structure of NFPS, the density of states
(DOS) was calculated (Fig. 9). According to calculations, NFPS has a wide band gap,
which indicates poor electrical conductivity of the material. Due to the low decomposition
temperature of NFPS, the creation of the conductive carbon coating using high-temperature
pyrolysis of organic compounds (above 650 °C) is quite problematic. The use of
mechanical activation to create a carbon composite is also not suitable, since it leads to
structural disordering and worsening of electrochemical characteristics as a result. On the
other hand, electronically conductive polymers can be used as an alternative way to create a
carbon composite [21].

200

Fig. 9. Calculated density of states for NFPS.

4 Conclusion

Pure-phase NFPS was successfully synthesized for the first time via a rheological method.
The discharge capacity of NFPS and its carbon composite NFPS/C is 70 mA-h-g! and 56
mA-h-g”!, which is 55% and 43% of the theoretical capacity in the 2.0-4.4 V voltage range.
It is shown that ball milling leads to agglomeration of particles and, as a result, to
deterioration of electrochemical characteristics. The structure of NFPS remains stable to 1.3
V. Because of decomposition of NFPS at low voltages (below 1.3 V), it cannot be
considered as an anode material. Cycling to lower voltage leads to the irreversible
decomposition of NFPS to form metallic iron Fe and sodium salts Na;SO4 and Na3zPO4. The
analysis of ion transport shows that Na® ion migration occurs in the [111] direction.
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According to GITT, the diffusion coefficient of Na* ions upon discharge and charge is
5.0:-10"% and 4.8-10'2 cm?-s”!, respectively, which indicates the fast migration of Na* ions in
the structure. Based on the DFT calculations, NFPS has a wide band gap, which indicates
poor electronic conductivity of the material.

The study was supported by FWUS-2021-0006 and RFBR, grant # 19-33-90203.
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